. Reports on its in vitro and in vivo activity were reviewed by Robson and Sullivan (1963).
Ethambutol (dextro-2, 2'-[ethylenediimino]di-1-butanol) has specific antimycobacterial activity and is therapeutically effective in tuberculosis in animals Wilkinson et al., 1961) and in man (Bobrowitz, Garber, and Sukumalchantra, 1963) . Reports on its in vitro and in vivo activity were reviewed by Robson and Sullivan (1963) .
Studies on the mode of action of ethambutol showed that, even though the drug was taken up rapidly by both proliferating and nonproliferating mycobacteria, it had no effect on the viability and metabolism of nonproliferating cells. When added to growing cultures, ethambutol inhibited growth. The inhibitory effect of the drug became apparent only several hours after addition of the drug to the culture when the population had at least doubled (Forbes, Kuck, and Peets, 1962; Kuck, Peets, and Forbes, 1963) . Gale and McLain (1963) in studying the effect of ethambutol on the cytology of Mlycobacterium smegmatis found that "absence of probable nuclear substance was the most evident alteration incurred by the cells. " The authors postulated that the drug may block one or more steps in the synthesis of ribonucleic acid (RNA) or deoxyribonucleic acid (DNA), ultimately causing cessation of cellular division.
Preliminary observations (Forbes, Kuck, and Peets, 1964) showed that M. smegmatis, harvested from cultures inhibited by ethambutol and then suspended in drug-free medium, exhibited a prolonged lag before growth resumed. In a continuation of these studies, it was found that polyamines and divalent cations reversed the inhibitory effect of ethambutol. The present report describes the reversal of the inhibitory effect of ethambutol and the effect of the drug on nucleic acid and protein metabolism in lM. smegmatis.
MATERIALS AND METHODS
M. smegmatis ATCC 607 cultured in Sauton's medium containing 0.02% Tween 80 (polyoxyethylene sorbitan monooleate; Atlas Powder Co., Wilmington, Del.) was used throughout these studies. The cultures were incubated at 37 C on a reciprocal shaker, and growth was followed by measuring optical density at 600 mju in colorimetric tubes (2.54 cm) with a Bausch & Lomb FORBES, KUCK, AND PEETS the cells were washed and suspended in a nitrogen-free "resting" medium made with the same ingredients as those of Sauton's medium, except that asparagine was omitted, and the ferric ammonium citrate was replaced with ferric citrate.
The number of viable units was estimated by plating dilutions of culture in Blood Agar Base (BBL). Colony counts were made after 4 to 5 days of incubation to allow for the slower growth of cells from ethambutol-inhibited cultures.
For the determination of protein and nucleic acid content, cells were harvested by centrifugation at 4 C, washed with water, and processed according to the method of Winder and O'Hara (1962) Thomas, 1963) .
Protein synthesis was followed by measuring the S35 (added to the cultures as H2S3504) in the KOH digest of the trichloroacetic acid-insoluble fraction of the cells. Nucleic acid synthesis was followed by adding p32 (as H3P3204) to the cultures. The p32 incorporated into the RNA and DNA was determined from the difference between the radioactivity of the appropriate cell fractions before and after adsorption of the nucleotides onto Norit charcoal (Crane, 1958; Harold, 1960 (Werbin, Chaikoff, and Imada, 1959) . The SI' radioactivity was expressed in absolute units (disintegrations per minute, dpm), the absolute activity being determined by means of an internal standard technique (Davidson and Feigelson, 1957) . The P32 radioactivity was determined in a scintillation well counter (BairdAtomic Inc., Cambridge, Mass.).
All materials added to the cultures were dissolved in Sauton's medium. The pH of the stock solutions was adjusted to 7.2 to 7.4. To test the effect of cations, the following salts were used: NaCl, Na2SO4, MgSO4, MnSO4.4H2O, ZnSO4-7H20, CUS04, CaHPO4, CaClg, and FeCl3. and then harvested and suspended in drug-free medium, there was a 20-hr lag before growth resumed ( Fig. 1 , curve F). In contrast, cells from cultures to which ethambutol had also been added, but which were held at 4 C, exhibited no prolonged lag before growing when they were suspended in the drug-free medium (Fig. 1 , curve A). Isotopic measurements showed that both proliferating (37 C) and nonproliferating (4 C) cells bound C14-ethambutol to the same extent. The prolonged lag, therefore, appeared not to be related to residual ethambutol in the cells, but rather to the time required for the cells to recover from the damage incurred during growth in presence of the drug.
A number of compounds, including amino acids, purines, pyrimidines, and nucleosides, were tested for their ability to shorten the lag phase of cells harvested from ethambutol-inhibited cultures and suspended in drug-free medium. Of the various materials tested, only certain diamines and polyamines and magnesium ions had such an effect. The effect of spermidine, magnesium ions, or both, on the recovery of ethambutol-inhibited cells suspended in drug-free medium is shown in Fig. 1 (curves C, D, and E). These substances had no stimulatory effect on the growth in drugfree medium of cells harvested from cultures to which ethambutol had been added, but which had been held at 4 C (Fig. 1, That the increase in the MIC of the drug was, indeed, due to the added magnesium ions was demonstrated by the fact that both MgCl2 and MgSO4 were effective, and equivalent molar concentrations of NaCl and Na2SO4 had no effect. Addition to the medium of CaCl2 (10 mM) also increased the MIC of ethambutol, but CuS04, ZnSO4, and MnSO4 at concentrations of 1 mm were ineffective. Ferric chloride was ineffective at 10 mm. Higher concentrations of these substances either inhibited growth or caused a precipitate. Cadaverine and putrescine, at concentrations of 1 and 5 mm, had little effect in increasing the MIC. Spermine, at 1 and 0.2 mM, had an effect similar to spermidine at 1 mm.
Spermidine and magnesium reversed the inhibitory effect of the drug, even when added after the drug had already inhibited growth. When spermidine and magnesium were added to cultures 6 hr after ethambutol, they allowed growth to resume in presence of the drug (Fig. 2) . Spermidine added to the medium at a concentration of 0.5 mm gave optimal effects, and magnesium, in concentrations of 20 to 40 mm, gave maximal effects in reversing an inhibition of growth by 0.05 mM ethambutol. Combinations of spermidine and magnesium were more effective than either of the substances alone. In other experiments, it was shown that the ability of these concentrations of spermidine and magnesium to reverse the inhibitory effect of ethambutol decreased as the concentration of the drug was increased. added to a culture in its exponential phase of growth, and the culture was then reincubated at 37 C. Six hours after addition of the drug, the culture was divided into 9-ml volumes. A 1-ml amount of Sauton's medium or Sauton's medium containing spermidine or MgSO4, or both, was added to the cultures which were reincubated at 37 C. Spermidine was added to give a final concentration of 0.5 mm. Concentration of magnesium in Sauton's medium was 4 mM; where MgSO4 was added, the final concentration was 24 mM. Counts of viable units showed that increases in optical density corresponded to increases in cell population.
drug, although at a slower rate than the DNA or the protein; thereafter, in contrast to the DNA and the protein, the net RNA decreased (Fig. 3) . Repeated experiments showed that, in growing cells exposed to ethambutol, the protein-dry weight ratio remained constant, the DNA-protein ratio increased slightly, and the RNA-protein ratio decreased steadily (Fig. 4) .
Synthesis of protein, as measured by incorporation of S35 into the protein of the cells, continued for the first 3 hr after addition of ethambutol to the culture. Thereafter, Ino further enrichment in radioactivity in the protein occurred, indicating that protein synthesis had ceased (Fig. 3) . Synthesis of DNA, as measured by incorporation of p32 into the DNA of the cells, continued for the first 3 hr after addition of ethambutol at a rate only slightly less than in the noninhibited cells. Thereafter, incorporation of p32 into the DNA continued, but at a sharply reduced rate (Fig. 3) . The culture was then immediately divided into two parts; ethambutol (10 Ag/ml) was added to one and both parts were reincubated. Samples of culture were collected at intervals, and protein and nucleic acid contents of the cells and radioactivity in the cell fractions were determined. At 0 hr, the cultures contained per 100 ml; protein, 2,500 ,ug; RNA, 940 ,ug; DNA, 270 Ag. Symbols: solid lines, control; broken lines, ethambutol. ethambutol proceeded at a slower rate than in the noninhibited cells, but continued even after protein synthesis had ceased. Even though the RNA synthesis in the inhibited cells continued, the net RNA decreased (Fig. 3) .
A decrease in the net RNA indicates that the rate of degradation exceeds the rate of synthesis. To test whether the drug blocked steps in the synthesis of RNA, precursors of nucleic acids were added to the cultures. Adenine, guanine, uracil, cytosine, thymine, and nucleosides, in concentrations of 10 or 100 lOg/ml, did not counteract the inhibitory effect of ethambutol. content of the cells. During the first 3 hr after addition of the drug to the culture, RNA metabolism was depressed more than DNA or protein metabolism, and the fall in the RNA-protein ratio preceded the arrest of growth (Fig. 3 and 4) (Fig. 5) .
Precursors of the nucleic acids did not relieve the growth inhibition by ethambutol, but poly- amines and metal cations did. These substances did not inactivate the drug. One possible explanation of their effect may be that ethambutol acts by interfering with a function of cellular polyamines and metal cations. The polyamines and metal cations added to the medium would then counteract this action of the drug. This possibility is supported by the fact that ethambutol is a substituted ethylenediamine with structural similarity to polyamines, and that alkanolsubstituted ethylenediamines, such as ethambutol, are known to form metal chelates (Hall, Dean, and Pacofsky, 1960) . Polyamines and divalent cations have been reported to play a role in nucleic acid turnover in bacteria (Tabor and Tabor, 1964) . They stabilize ribosomes (Cohen and Lichtenstein, 1960; Martin and Ames, 1962) , inhibit RNA degradation in whole cells (Herbst and Doctor, 1959) , and are required for the maximal synthesis of RNA by RNA polymerase (Doerfler et al., 1962; Krakow, 1963; Fox and Weiss, 1964) . In these reactions, it is often found that there is a concentration of the polyamine that is optimal, higher concentrations being less effective. Metal cations, specifically magnesium or calcium, may often replace polyamines in their functional role in nucleic acid turnover. It is characteristic that higher concentrations of the metal ions than of the polyamines are needed to accomplish the same effect (Tabor and Tabor, 1964) . The pattern of the effect of spermidine and magnesium in counteracting ethambutol, thus, shows analogies with the effect of these substances in nucleic acid metabolism.
The data show that ethambutol has no effect on nonproliferating cells of MI. smegmatis. The drug, after a delay, arrests the growth of actively proliferating cells. Cytological examinations (Gale and McLain, 1963) of cells inhibited by ethambutol revealed no alteration of the integrity of the cell wall and membrane. Chemical determinations showed that inhibited cells became deficient in RNA. The early effects of the drug are reversible. Cells harvested from cultures inhibited by ethambutol and then suspended in drug-free medium eventually resume growth. Polyamines and divalent cations, which are known to be involved in nucleic acid turnover and the maintenance of the integrity of ribosomes, aid the recovery of these cells. These substances in the presence of the drug also counteract the inhibitory effect of the drug. All these considerations are consistent with the view that ethambutol exerts its inhibitory effect on growth by interfering with a function of cellular polyamines and divalent cations in the synthesis or stabilization of RNA.
